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論 文 内 容 要 旨          
Inclusions play a crucial role in determining steel quality because their properties, such as plasticity and thermal 
expansion, differ to those of steel matrix; they usually act as stress raiser and a source of cracks. In general, inclusions are 
harmful for steel quality, except in certain circumstances, where inclusions with extremely small sizes can be utilized as 
nucleation sites for phase transformation. In addition, the solid inclusion at steelmaking temperature, such as Al2O3, 
MgO·Al2O3 spinel or CaS, is easy to sinter with the Al2O3-C nozzle material and causes clogging and disturbs the casting 
process. Therefore, inclusions have harmful effect both on steel product and operation. A lot of researchers reported that 
inclusion transformed in the routine of Al2O3→MgO·Al2O3 spinel→CaO-Al2O3-type inclusion during secondary 
refining in Al-killed steel. The deoxidizer of Al is intentionally added into steel and the Al2O3 inclusion is formed as 
deoxidation product. However, MgO·Al2O3 spinel and CaO-Al2O3-type inclusion have been observed even without the 
intentional addition of Mg and Ca during secondary refining. By this background, the purpose of this study is to clarify 
the source of Mg and Ca for the formation of MgO·Al2O3 spinel and CaO-Al2O3-type inclusions. For the formation of 
MgO·Al2O3 spinel, the dissolution behavior of Mg from both MgO-based refractory and MgO-containing slag were 
studied. For the formation of CaO-Al2O3-type inclusion, the dissolution behavior of Ca from CaO-containing slag was 
studied. 
  
In Chapter 1, it summarized a background of this thesis, purpose of this thesis and the review of previous literature. 
In Chapter 2, the transformation rate from Al2O3 to MgO·Al2O3 spinel was studied. An Al2O3 rod was immersed into 




Fig.1 Variation in the thickness of the formed 
spinel layer with immersion time 
Fig.2 Concentration gradients of Mg, Al, and Cr 
in the formed spinel layer 
Prior to immersion of the Al2O3 rod, the Mg-containing 
steel was equilibrated with slag that was saturated with 
both MgO and MgO-saturated spinel, and thus the 
transformation rate was studied exclusively without the 
influence of the Mg supply rate. The reaction time 
between the immersed Al2O3 rod and Mg-containing steel 
varied from 10 to 180 seconds and the experimental 
temperature varied from 1823 K to 1923 K. The rate of 
the transformation from Al2O3 to MgO·Al2O3 spinel was 
rapid when there was sufficient Mg in the steel, as shown in Fig.1. Following the immersion, a MgO·Al2O3 spinel layer 
with a thickness of 4 μm formed on the surface of Al2O3 rod within 10 seconds. By evaluating the apparent activation 
energy, the rate-controlling step was determined to be the MgO diffusion in the formed MgO·Al2O3 spinel layer. The 
activation energy of the MgO diffusion in the MgO·Al2O3 spinel was determined to be 464 kJ/mol. Based on the 
determined rate-controlling step, the diffusion coefficient of the MgO in the MgO·Al2O3 spinel was calculated. Its value 
varied from 2.08×10-12 m2/s to 6.77×10-12 m2/s over the temperature range of 1823 K to 1923 K. 
In Chapter 3, dissolution behavior of Mg from MgO-Cr2O3 
refractory was studied. A square MgO-Cr2O3 refractory was 
immersed into the steel containing Al and reacted for 5, 30, 60, 
or 120 minutes, respectively. A dense Al2O3 crucible was used 
to establish Al-Al2O3 equilibrium to simulate Al-killed steel 
before immersing refractory rod. Steels with various Al 
contents (0.1 mass % to 0.3 mass %) and Cr contents (0 
mass % and 11 mass %) were used in this study, to elucidate 
the effect of the Al and Cr in the steel on the dissolution of Mg 
from the MgO-Cr2O3 refractory. Following the interaction 
between the MgO-Cr2O3 refractory and steel, the Cr2O3 in the 
refractory was reduced by the Al in the steel, and an MgO·
Al2O3 spinel layer was generated. In addition, the thickness of 
the formed MgO·Al2O3 spinel layer increased with longer 
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immersed into the steel containing Al and reacted for 5, 30, 60, 
or 120 minutes, respectively. A dense Al2O3 crucible was used 
to establish Al-Al2O3 equilibrium to simulate Al-killed steel 
before immersing refractory rod. Steels with various Al 
contents (0.1 mass % to 0.3 mass %) and Cr contents (0 
mass % and 11 mass %) were used in this study, to elucidate 
the effect of the Al and Cr in the steel on the dissolution of Mg 
from the MgO-Cr2O3 refractory. Following the interaction 
between the MgO-Cr2O3 refractory and steel, the Cr2O3 in the 
refractory was reduced by the Al in the steel, and an MgO·
Al2O3 spinel layer was generated. In addition, the thickness of 
the formed MgO·Al2O3 spinel layer increased with longer 
immersion time and higher Al content of the steel. The surface of the formed layer consisted of Al2O3-saturated MgO·
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Al2O3 spinel, and the interface between the MgO-Cr2O3 refractory and formed layer consisted of MgO-saturated MgO·
Al2O3 spinel. The composition of the formed layer was not uniform, and the Al2O3 and MgO contents of this layer 
gradually changed throughout its depth, as shown in Fig.2. The Mg content slightly increased following the immersion 
of the rod and reached to a steady state after 60 minutes, despite some fluctuations. In the case of the steel with 11 
mass% Cr, the Mg content at steady state was lower than 1 ppm independent on Al content in steel. In the case of the 
steel without Cr, the Mg concentration at steady state was 1.3 ppm. Therefore, the effects of the Al and Cr contents of the 
steel on the dissolution behavior of Mg from the MgO-Cr2O3 refractory were negligible. Slight dissolution of Mg from 
the MgO-Cr2O3 refractory occurred. However, the Al2O3 initially present in the steel did not transform into MgO·Al2O3 
spinel because of the low concentration of dissolved Mg.  
In Chapter 4, reaction mechanism between MgO-C refractory and Al-killed steel was studied. MgO-C refractory rod 
was immersed into molten steel and reacted for 5, 30, 60, or 120 minutes, respectively. In order to investigate the effect 
of C content in MgO-C refractory on the dissolution behavior of Mg, refractories with different C contents were studied 
(0.7 mass %, 5.6 mass %, 10.5 mass %, 20.4 mass %). In addition, in order to investigate the effect of Al content, steel 
with an extremely high content of Al (0.25 mass %) was studied in addition to steel with typical contents of Al 
(0.05-0.08 mass %). As the immersion time of the MgO–C refractory rod increased, Mg was gradually dissolved into the 
Al-killed steel and MgO·Al2O3 spinel inclusions were generated, regardless of the C content in the refractory and the Al 
content in the steel. The dissolved Mg increased with the Al content in the steel. This result indicates that Al in the steel 
reduced the MgO in the MgO–C refractory and subsequently supplied Mg to the steel. The Mg content further increased 
when the MgO–C refractory containing 20% C was used. This indicates that the C in the MgO–C refractory also reduced 
the MgO in the refractory and supplied Mg. The reduction of MgO by Al and C occurred independently, and the Mg 
content in the steel is the sum of the Mg supplied by these reactions. In every case, the Al2O3 inclusions changed to MgO
·Al2O3 spinel and the MgO content in the inclusion was greater than that of the Al2O3-saturated MgO·Al2O3 spinel. At 
the interface between the refractory and steel, the MgO·Al2O3 spinel layer was partially formed but at the other interface, 
the MgO was directly in contact with the steel.  
Reaction mechanism between MgO-C refractory and Si-killed steel was also studied. MgO-C refractory rod was 
immersed into molten steel and reacted for 5, 30, 60, or 120 minutes, respectively. When Si-killed steel melted in Al2O3 
crucible, the SiO2 inclusion containing 30% of Al2O3 was observed and by the immersion of MgO-0.7%C refractory, Al 
content in steel increased to about 40 ppm and the Al2O3 content in inclusion increased to 75%. When MgO-20.4%C 
refractory was immersed, about 0.4 ppm of Mg was dissolved and Al content increased to about 90 ppm. The Al2O3 




was formed.  
In Chapter 5, Mg and Ca dissolution behavior from MgO- and CaO-saturated CaO-MgO-Al2O3 slag and its effect on 
the composition change of inclusion during the refining process, were studied. The slag and steel with various Al 
contents (0.25 mass % to 2.5 mass %) reacted for 0, 2, 5, 10, 30, 60, 90, and 120 minutes, respectively. Both MgO and 
CaO in slag were reduced by Al in steel, and Mg and Ca were dissolved into the steel, and their  concentrations 
increased with the increase in the concentration of Al. When the Al concentration in steel was 0.25%, the concentration 
of dissolved Mg was 30 ppm or higher, whereas that of Ca was only 0.3 ppm. The initial Al2O3 inclusions transformed 
into a MgO·Al2O3 spinel, and finally changed into MgO inclusions; however, the CaO-Al2O3-type inclusion was not 
observed. When the Al concentration was 0.75%, the concentration of dissolved Ca increased to 0.9 ppm, and the 
CaO-Al2O3-type inclusion with MgO was observed at 120 min. When the Al concentration further increased to 2.5%, the 
concentration of dissolved Mg and Ca increased to 110 and 3 ppm, respectively. The initial Al2O3 inclusions transformed 
into MgO inclusions within 5 min, and the CaO-Al2O3-type inclusion with MgO was observed after 10 min reaction. 
Finally, all inclusions transformed into the CaO-Al2O3-type inclusion with MgO at 120 min.  
The effect of slag composition on the dissolution behavior of Mg and Ca and the change in composition of inclusions 
was also investigated. In the experiment using slag only saturated with MgO, when the Al content was 0.25%, the 
MgO-rich inclusion formed after 120 min of reaction, while when the Al content was 2.5%, only MgO saturated MgO·
Al2O3 spinel inclusion was observed. 
In Chapter 6, inclusion transformation routine by slag-steel-refractory reaction during industrial production was 
investigated. The industrial experiment was conducted to confirm the conclusions obtained in our laboratorial 
experiment (Chapter 5). Three heats of experiment were conducted during ladle furnace (LF) refining. Heats 1 & 2 were 
conducted at Qianan steelworks and heat 3 was conducted at Jingtang steelworks, Shougang Iron & Steel Group Co. Ltd. 
The capacity of ladle is 210 ton for Qianan steelworks and 300 ton for Jingtang steelworks. Both the sample of slag and 
steel were obtained during the LF refining. All experiments were conducted with graphite electrode heating and strong 
intensity of bottom stirring. When the FeO+MnO content in slag was high (about 10 mass%) at the start of LF treatment 
and the amount of the added alloy was small during LF treatment, the Al2O3 inclusion remained as un-changed and 
formation of MgO·Al2O3 spinel was not observed even after LF treatment. When the FeO+MnO content in slag was 
low (about 0.5 mass%) at the start of LF treatment and the amount of the added alloy was small during LF treatment, the 
Al2O3 inclusion transformed to MgO·Al2O3 spinel inclusion but the formation of CaO-Al2O3-type inclusion was scarcely 
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Al2O3 inclusion transformed to MgO·Al2O3 spinel inclusion but the formation of CaO-Al2O3-type inclusion was scarcely 
observed. By the slag-steel reaction, CaO-Al2O3-type inclusion could not form in this condition of industrial production. 
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The Ca for the formation of CaO-Al2O3-type inclusion was supplied from the added alloy, especially Fe-Si, during LF 
treatment. In order to suppress the formation of CaO-Al2O3-type inclusion, the impurity of Ca in added alloy should be 
strictly controlled. 
In Chapter 7, the general conclusions of this thesis as well as the application of this research was presented. 
－ 431 －
－ 432 －
